ABSTRACT The epidemiology of tuberculosis (TB) in high-income countries is increasingly dictated by immigration. The influence of this trend on paediatric TB and TB elimination are not well defined.
Introduction
As public health programmes focus on strategies to eliminate tuberculosis (TB), childhood TB is an increasingly important indicator of the ability of a programme to interrupt transmission and prevent TB among those already infected [1] . In many high-income low-incidence countries these strategies are in a state of transition largely due to the impact that immigration from high-incidence countries is having upon the epidemiology of the disease [2] [3] [4] [5] [6] [7] [8] [9] . This is especially true of Canada which accepts approximately 250 000 new immigrants each year, most of whom settle in one of four provinces: Quebec, Ontario, British Columbia and Alberta. In such settings, childhood TB may be a sentinel event reflecting recent local transmission, or may result from reactivation of an infection that was acquired abroad under circumstances where screening of contacts and treatment of latent TB infection (LTBI) may not be performed. In recent years a deeper understanding of childhood TB in the context of immigration has emerged by combining conventional epidemiology (CE) and molecular epidemiology (ME). However, studies to date have either been limited in time and space, or have not been delimited by age [10] [11] [12] [13] [14] . For purposes of reporting childhood TB the World Health Organization (WHO) recommends two age bands: 0-4 and 5-14 years [15] .
To overcome the aforementioned limitations we undertook a 25-year programme-wide paediatric TB study in the Province of Alberta, Canada. During the study period, Alberta received 523 473 new permanent residents and many more temporary residents and visitors (Statistics Canada). To standardise the definition of intrathoracic TB, chest radiographs were re-read by an experienced paediatric chest radiologist [16] . All isolates of Mycobacterium tuberculosis in children and greater than 95% of those in adults were DNA fingerprinted. Rates of disease were reported in two age bands: 0-4 and 5-14 years. Our purpose was to describe trends in paediatric TB as defined by the WHO and to identify groups of children at risk of TB in the context of immigration. In addition, we sought to identify those strategies most likely to achieve the elimination of paediatric TB in Canada and other high-income, low-incidence, immigrant-receiving countries.
Methods
In Canada, each province and territory has its own TB prevention and care program. This retrospective cohort study was performed in the Province of Alberta, population 4 252 900 in 2016 (Statistics Canada). In Alberta, all TB services are provided via three public health TB clinics [17] . All incident cases are treated with directly-observed therapy.
Population Individuals born in Canada or born outside of Canada to Canadian-born parents were considered Canadian-born; all others were foreign-born. The Canadian-born population was divided into registered First Nations (RFN; North American Indians registered with Indian and Northern Affairs Canada (INAC)) and Canadian-born "others" because of known differences in the TB case rates of these groups. Canadian-born "others" (CBO) were further grouped as those with Canadian-born parents (CBO-CB) and those with at least one foreign-born parent (CBO-FB). The population estimates used in the analysis were derived from Canadian censuses and RFN population estimates provided by INAC [17] .
Paediatric cases
All TB cases in Alberta between January 01, 1990 and December 31, 2014 (the "study period") were eligible for study inclusion, as determined from the provincial TB Registry. Data from the TB Registry were combined with data from the Provincial Laboratory for Public Health (ProvLab), where all mycobacteriology was performed. Individuals under 15 years of age at diagnosis were defined as paediatric cases and all others as adults [15, 16] .
Each paediatric case in the TB Registry was verified as being a "true" paediatric case through a comprehensive review process. First, the disease status of each notified paediatric TB case was validated through a review of the diagnostic data in their individual medical and laboratory records. Secondly, the chest radiographs of each "pulmonary" case were re-read by an experienced paediatric chest radiologist. Only children with a positive culture for M. tuberculosis complex or those meeting a strict clinical case definition were considered to be paediatric TB cases and included in the final dataset. The clinical case definition required that four criteria be met: 1) a history of contact with a known source case and/or a positive tuberculin skin test (TST); 2) a chest radiographic abnormality consistent with disease if pulmonary, or a clinical or radiologic picture consistent with extrapulmonary disease if extrapulmonary (in some instances clinical and/or radiologic findings were supported by pathologic findings); 3) a satisfactory clinical and radiographic response to treatment; and 4) a completed diagnostic work-up [16] . The Mantoux method was used for TSTs and results were interpreted in accordance with the Canadian TB Standards [16, 18] .
Conventional and molecular epidemiology
Conventional contact tracing and molecular typing were used to reveal and/or verify linkages between paediatric TB case-patients and other active TB cases notified in Alberta. The ProvLab completed routine DNA fingerprinting as previously described using the IS6110 restriction fragment-length polymorphism (RFLP) method and, for isolates with fewer than six copies of IS6110, spoligotyping [19, 20] . Clusters were defined as groups of two or more isolates with identical RFLP patterns and, for low IS6110 copy number isolates, identical spoligotype patterns as well. Conventional contact tracing was completed by TB program nursing staff using the concentric circle approach [21] . A putative source case was defined as a culture-positive pulmonary case in an adult contact of the paediatric case patient. Putative source cases were considered to be verified if their M. tuberculosis molecular profile matched that of the paediatric case. Further reviews were undertaken to establish linkages between paediatric cases and other cases with matching DNA fingerprint patterns if no putative source case had initially been identified, or if the putative source case was refuted by genotyping. In such instances, the case with the matching DNA fingerprint was only considered to be the source case if temporal (diagnosed within 6 months of the paediatric case) and spatial (first three digits of the postal code) linkages could be established with the paediatric case patient. Culture-positive cases diagnosed in 2014 were followed in our DNA fingerprint database to the end of June, 2015.
Statistical analysis
Data were analysed using Stata/IC 11 (StataCorp LP, College Station, TX, USA). Incidence rates per 100 000 person-years were calculated overall, for each age band (0-4 years and 5-14 years) and for each population group. The calculation of 95% confidence intervals for rates assumed a Poisson distribution for case counts. Standardised incidence rates were calculated using the direct method, with the age and sex distribution of the total paediatric population in Alberta (1990 Alberta ( -2014 serving as the standard population. Standardised rates were compared with incidence rate ratios (RRs) and 95% confidence intervals. Measures of association were assessed with bivariate and multivariate logistic regression at a 5% level of significance. Pearson's Chi-squared test or Fisher's exact test were used as appropriate for comparisons in bivariate analyses. Significance levels were reported at 5% and confidence intervals were reported at 95%. 
Results
The TB Registry was notified of 3817 TB cases during the study period and 225 (5.9%) of these cases were children. Review of the 225 child-aged cases found that 176 (78.2%) met the inclusion criteria for a paediatric TB case as defined in this study. Of the 49 (21.8%) cases that were excluded, 36 culture-negative "primary pulmonary" cases had, in retrospect, either normal chest radiographs (n=34) or abnormal chest radiographs not indicative of TB (n=2) and five culture-negative extrapulmonary cases had inconclusive biopsies and/or other investigations. These cases could be considered "provider diagnosed" [9] . Eight other children were from a jurisdiction outside Alberta. Of the "true" paediatric cases 78 (44.3%) had a positive culture. In comparison, M. tuberculosis was isolated from 3020 (84.1%) of the 3592 adult cases of TB.
Canadian-born children accounted for 117 (66.5%) of the 176 paediatric TB cases, with RFN and CBO children comprising similar proportions of the total cohort (34.7% and 31.8%, respectively). Of the 61 CBO cases, 43 (70.5%) had at least one foreign-born parent. In addition, 57 (96.6%) of the 59 foreign-born TB case-patients were born in a high TB incidence country (⩾15 smear-positive pulmonary cases per 100 000 population) and 21 (36.8%) of these children were <5 years of age when they immigrated to Canada [18] . The leading country of birth of foreign-born children was the Philippines with 14 children, followed by Ethiopia, Sudan, Kenya, Pakistan and Haiti with four each, and Vietnam with three. Furthermore, 36 (61.0%) of the foreign-born case-patients were diagnosed with TB within two calendar years of arrival.
RFN and foreign-born children had age-and sex-adjusted TB rates that were, respectively, 16-and 18-times that of "other" Canadian-born children (table 1) . Children in the 0-4 years age group had the highest rates regardless of population group. Between 1990-1994 and 2010-2014 there was a drop in the overall rate from 1.78 to 1.07 per 100 000 person-years; however, this relatively small change masked a remarkable decrease in the RFN rate (22.3 to 2.5 per 100 000 person-years) and an increase in the foreign-born rate (7.9 to 9.6 per 100 000 person-years) (figure 1). Foreign-born children accounted for an increasingly large proportion of total paediatric cases during the study period (from 18.9% in 1990-1994 to 52.6% in 2010-2014). Another trend was that all CBO cases in 2005-2014 were CBO-FB (figure 2).
The age at diagnosis varied significantly by population group (table 2). The odds of TB before 5 years of age were higher for the CBO-FB group than for RFN or foreign-born children (2.97-times (95% CI 1.29-6.82) and 5.57-times (95% CI 2.36-13.13), respectively). The proportion of female paediatric case-patients was similar in each population group. HIV co-infection was rare and, from 2003 when "opt-out" HIV testing was introduced, only one of 73 children tested was HIV positive [22] .
Contact tracing was the most frequent means of detecting paediatric TB cases overall (table 2) . CBO-FB cases were 6.28-times (95% CI 1.89-20.85) more likely to have disease detected due to symptoms than RFN children. In addition to disease detection through contact tracing and symptoms, nine cases were detected by other screening methods including immigration medical evaluations, international adoptee screening and incidental findings [23] .
Of the 168 cases from whom culture specimens were collected, 78 (46.4%) were culture-positive (table 3) . Children ⩾5 years of age, children with extrapulmonary TB and children whose method of detection was symptoms were more likely than children <5 years of age, children with pulmonary TB, or children whose method of detection was contact tracing to be culture-positive. Of the 78 M. tuberculosis isolates, seven were resistant to either streptomycin, isoniazid, or both. All strains with resistance were from foreign-born children or CBO-FB children. No isolates were multidrug-resistant (MDR).
CE identified a putative source case for 111 (63.1%) paediatric case-patients (table 4) . In 107 of these the putative source case was the index case; however, in four cases the child was the index case, detected through symptoms, and the putative source case was discovered through reverse-contact tracing. Of these latter cases, one had congenital TB and two had central nervous system (CNS)-TB. All three were <2 years of age and all three died. Population group was independently associated with the ability to identify a putative source case, although age or sex at diagnosis were not.
DNA fingerprints of isolates from the 78 culture-positive paediatric case-patients were compared to the entire database of DNA fingerprints obtained during the study period, which included the molecular profiles of 2897 (95.9%) of the 3020 culture-positive adult case-patients. Of the 78 DNA fingerprinted paediatric cases, 34 (97.1%) had a source case identified by CE with a concordant molecular profile (table 5) . Only one paediatric case had a different molecular profile than their putative source case identified via contact tracing. This child was an older CBO-FB case with no travel/visitor history and no alternate source case by ME. Molecular profiling also identified spatially-and temporally-related source cases for six (14.0%) of the 43 culture-positive children for whom putative source cases were not identified by CE. Four of these child-source case-pairs were subsequently co-located to an apartment complex (n=2), a taxi (n=1) and a hotel room (n=1). Three of these four children, all aged <2 years, had CNS-TB and one died. Source cases for the remaining 37 (21.0%) culture-positive paediatric cases, the majority of whom were over 4 years of age (73.0%) and/or foreign-born (81.8%) could not be identified through either CE or ME investigations.
All 176 paediatric TB cases are described in figure 3 according to method of detection. Of the 108 cases identified by contact tracing, 91 (84.3%) had a primary pulmonary TB (PTB) complex alone and might arguably be said to have LTBI. Compared to children whose method of detection was contact tracing or screening, children whose method of detection was symptoms were more likely to have a major public health or clinical consequence (ten cases (16.9%) comprising two children with smear-positive adult-type PTB (both age 14 years), four CNS-TB survivors (three aged <2 years and one aged 11 years) and all of the TB deaths (three CNS-TB cases and one congenital TB case, all aged <2 years) versus one case (0.9%), a CNS-TB survivor aged 7 years). Among Canadian-born children <2 years of age, those whose method of detection was symptoms (n=13) were much more likely than those whose method of detection was contact tracing or screening (n=20) to die or be a CNS-TB survivor (7 cases (53.8%) versus zero cases (0%)). As noted, two of the CNS-TB survivors and all four of the TB deaths were among the ten symptomatic children whose source cases were discovered through either reverse contact tracing or ME. Only three CNS-TB cases and no TB deaths occurred among the other 166 cases in the cohort.
Discussion
Over the 25 year period from 1990 to 2014 there was substantial migration into Alberta. This migration, together with a known decline in the incidence of TB in Canadian-born adults [24] , had a major impact on paediatric TB in the province. From the first to the last 5 years of the study the proportion of cases who were either foreign-born or CBO-FB children increased from 32.1% to 89.5%. In contrast, the number of cases in the CBO-CB group fell to zero over the first 15 years of the study if they were not RFN and from 27 to four cases from the first to the last 5 years if they were RFN. In a similar fashion to Montreal (Quebec) and Toronto (Ontario) [12, 14] , almost all of the paediatric TB in the province came to be (4) 3 (17) 3 (7) 0 (0) 8 (5) Data are presented as n or n (%), unless otherwise stated. CBO-CB: Canadian-born "other" imported, either directly in the child or indirectly through the child's parents or extended family. Source case identification by CE was very good and 97.5% of paediatric case/source case pairs of M. tuberculosis isolates had identical DNA fingerprints. Children whose in-Alberta source case was diagnosed through reverse contact tracing or ME (n=10) had tragic outcomes and six (60%) had either CNS-TB or congenital TB and of these four died.
While the age-and sex-adjusted incidence of paediatric TB over the study period was 16-and 18-times higher in RFN and foreign-born children, respectively, compared to Canadian-born "other" children, it decreased in the former and increased in the latter over time. RFN outbreaks in the first ten but not the last 15 years of the study and the introduction in 1999 of a "virtual clinic" to serve rural Alberta are possible explanations for the former [17, [24] [25] [26] . By the end of the study period, rates in the RFN group were comparable to those recently reported in indigenous children in Australia (1.70 per 100 000 population) [7] . Increased rates in foreign-born children were assumed to reflect increased numbers of recently arrived children. Recent arrivals are known to be at higher risk of disease if infected [7, 27] . Unsurprisingly, given the well-known age-related risk stratification of paediatric TB and reports from the USA [3, 9] , the incidence of TB was highest in the 0-4 years age group in all population groups [28] [29] [30] [31] . However, it is of note that the likelihood of TB before 5 years of age was 3.0-times and 5.6-times higher in CBO-FB children than in RFN or foreign-born children, respectively. That 20.9% of the CBO-FB cases had no source case in Alberta by CE or ME suggested undocumented exposure in connection with travel or visits to the home by friends or family from abroad [32, 33] .
A positive culture for M. tuberculosis was associated with older age, an extrapulmonary site of disease and symptoms as a method of detection. Drug resistance was uncommon despite 64.1% of culture-positive cases being foreign-born or from the CBO-FB group. While high rates of MDR-TB have been reported in children in other contexts and recently arrived immigrants to Alberta are more likely to have MDR-TB than historical arrivals [34] , no MDR-TB was reported in this cohort [3, 35] . The high concordance of DNA fingerprints of M. tuberculosis isolates in paediatric case/source case pairs (97.1%) is reassuring given that when a child is culture-negative one must base treatment on the drug susceptibility test results in the : of the 101 children whose method of detection was contact tracing and who had one or more specimens submitted for culture, 85 had primary pulmonary TB complex alone (see figure 3 ). Of these only 22 (25.9%) were culture-positive. putative source case. Among culture-positive cases whose in-Alberta source was discovered through ME alone, rapid genotyping methods may have accelerated the time to linkage [12] . The source cases of six of the seven children with very unsatisfactory outcomes (85.7%) were only discovered through reverse contact tracing or ME. When source case diagnosis is delayed or contact tracing is incomplete, paediatric TB morbidity and mortality are indeed high, a lesson that resource-rich countries must take to resource-poor countries. The strengths of this study include its complete, programme-wide nature, its spatial and temporal breadth and it's use of WHO-defined paediatric age groups. Earlier studies were limited in these regards and, by including adolescents aged 15-17 years who were much more likely to be culture-positive [10] [11] [12] [13] [14] , were potentially biased with respect to their ME analyses. Weaknesses include the inability to calculate TB rates in Canadian-born children by parental nativity and, given the retrospective nature of the study, to further refine the case definition. In the only study of its kind, PANG et al. [8] found that the rate of TB in US-born children of foreign-born parents aged 0-4 years was six-times higher than the rate in US-born children of US-born parents aged 0-4 years. Although we made certain that culture-negative pulmonary cases had chest radiographic abnormalities consistent with TB, we could not further sort intrathoracic cases according to the revised classification of such cases for diagnostic evaluation studies [36] . The notification of contacts with "primary TB complex", most of whom are asymptomatic, is considered acceptable in resource-rich settings that are moving towards TB elimination, although data from the pre-chemotherapy era and outcomes after monotherapy suggest that the natural history of disease in these children, even those who may be culture-positive, is benign [28, 29] .
For high-income, low-incidence countries to achieve the elimination of paediatric TB they must develop strategies that relate to the immigration medical examination, such as screening for LTBI in children emigrating from high-incidence countries [37] , as well as to local programming (see figure 3) . However, given our global interdependence, more must ultimately be done to help low and middle income countries rid themselves of this scourge [38] .
